The attitude motion of the spinning solar sail IKAROS was unique. Its behavior is highly dependent on the deformation of the flexible sail, which is easily changed by the attitude motion. Therefore, it is important to understand the relation between the sail deformation and the attitude motion in order to obtain better knowledge of sail design and management. In this study, a consideration is made about how the sail deformation varies according to the spin rate of the solar sail and how it changes the attitude motion from the view point of the structure. As a result, it was revealed that the variations of the parameters of the sail deformation and the attitude motion are proportional to the squares of the spin rate. The theory is evaluated by using the flight data of IKAROS, its sail shape is estimated, and its equivalent Young's modulus is calculated, which is an index of how much the sail with wrinkles stretches when the force is applied to it. 
Introduction
Solar sail is a system to use solar radiation pressure (SRP) for propulsion. Though the pressure is very weak, it can be applied to a sail continuously for a long period of time. Consequently, the solar sail can be accelerated significantly with no fuel consumption. It is also possible to generate electricity with thin-film solar cells on the sail. 1) Spinning solar sail IKAROS launched by JAXA in 2010 succeeded in photon propulsion using the SRP and all of its missions. With the technology demonstrated in the IKAROS project, 2) another new mission to explore Jupiter and its Trojan asteroids is currently under consideration. In its mission period, the attitude motion of IKAROS was Copyright© 2014 by the Japan Society for Aeronautical and Space Sciences and ISTS. All rights reserved. unique mainly in two ways.
3) Firstly, its spin axis direction was rotating spirally around a certain equilibrium point (Fig.  2) . Secondly, there were an increase and a decrease in the spin rate. Since these are phenomena caused by the SRP 4) and due to the shape of the sail and its optical properties, it is important to know how the flexible sail deforms while it is spinning. Such knowledge would contribute to sail design for the next mission.
When the attitude motion of IKAROS was analyzed, its sail was generally dealt with as a rigid membrane because the sail vibration was not observed in its operation period. Seen in a long term history of the attitude motion, however, this assumption was not correct. The parameters of the sail which would be constant if the sail was rigid actually varied slowly.
3)
It can be thought that there are mainly three reasons for this phenomenon. Firstly, there were variations of the sail deformation according to the spin rate.
3) Secondly, the optical properties of the sail surface changed in the long mission period. Thirdly, there were large scale deformations such as buckling which changed the natural shape of the sail.
In this study, the variations of the sail deformation according to the spin rate are focused on and their relation to the attitude motion is investigated from the viewpoint of the structure.
Evaluation with Flight Data by GSSM
In this research, Generalized Spinning Sail Model (GSSM, see Appendix) is used to analyze the attitude motion of the solar sail. This is a method in which the shape of the spacecraft (s/c) and the attitude motion with the SRP is related through the parameters A , B , and C .
Here this GSSM is applied to IKAROS and its parameters
A , B , and C are estimated using the flight data. In this paper, the flight data between June 11th and October 30th 2010 (Figs. 3 and 4) was chosen because there was less RCS (Reaction Control System) active attitude control 5) in this period. (B-16)), and attitude control with RCS was conducted at the spin-up periods. These control periods were excluded in the estimation.
To estimate the parameters, assumptions are made that parameters and Sun distance were constant between any two passes. At any two passes, the attitude data of the first pass is used as the initial condition, the attitude motion is calculated step by step with Runge-Kutta methods, and convergent calculation is conducted to fit it to the attitude data of the second pass at the period.
Here the standardized parameters of A , B , and C are defined as follows.
Using these parameters, Eqs. 
These standardized parameters Ã , B , and C are the functions of the Sun angle if the sail deformation is invariable, and when the Sun angle is sufficiently small, they can be seen as constants. Fig. 5 is the result of the estimation. Ã , B , and C are plotted with the spin rate on x axis. Although these parameters must be constant if the sail is perfectly flat, Fig. 5 shows that they vary according to the spin rate. It can be seen that the absolute values of the parameters tend to decrease as the spin rate increases. This is because the sail shape becomes flatter due to the increased centrifugal force. The figure also shows that the parameter B is positive, which means that the sail deforms towards the Sun direction (Eq. (B-14) ). That is contrary to the fact that the sail is under the SRP and tends to deform towards the opposite direction to the Sun. It can be postulated, therefore, that the SRP is much weaker compared to the stiffness of the sail, which may be brought by devices on the sail, for instance. This had not been anticipated before IKAROS was launched. Moreover, it can be said that the sail deforms upwards from the beginning without any force, which may be caused by the manufacturing process.
Sail Deformation Caused by Spin
Assuming that the deformation is small, the parameters should be expressed as A , 0 B , and 0 C are the parameters of the natural sail shape without spin motion and Ã , B , and C are differences caused by the centrifugal force of spinning. Here it is investigated that how the sail deforms with spin motion and how Ã , B , and C must be expressed from the view point of the structure.
To simplify this, an approximation is put that the sail is axisymmetric, and that the optical and the material property are constant. Assuming that the sail is under the plane stress condition, they are expressed as follows. 
Under these stress conditions, the strain can be written by Hooke's law as Defining that the deformation in a state of rest is expressed as , r w , that in a state of spin is , r w , and the equivalent Poisson's ratio (the ratio between geometrical z strain and geometrical r or strain considering the stretch of wrinkles) is z , and assuming that the geometrical strain is proportional to the material strain (the constant of the proportionality is k ), the following equations are obtained (Fig. 6) . Using Eqs. (9) -(11), the standardized parameters can be expressed as follows. where 2 A , 2 B , and 2 C are the parameters determined by the natural sail shape without spin motion.
IKAROS Parameters
Here the above theory is applied to the IKAROS flight data to evaluate its parameter seen in Eq. (15). The data plotted in Fig. 5 is used, the curve fitting along with Eq. (15) is done, and the most likely parameters are calculated. Fig. 7 is the result of the curve fitting. Note that the parameters plotted in the graph are expressed by the unit of rpm change per day. The obtained parameters are as follows. 
Consideration to Natural Deformation and Equivalent Young's Modulus
It is shown in Fig. 7 and Eqs. (16) - (18) that the parameters of IKAROS were estimated, but residual error of B is larger compared to those of A and C . This shows that the radial deformation is more sensitive than the circumferential deformation to the spin rate change or other disturbance, which is a proper consideration because the circumferential deformation is limited geometrically. Now it is possible to estimate the natural deformation of IKAROS when it is in a state of rest by viewing 0 A , 0 B , and 0 C . For simplification, Eq. (C-3) is used to see a tendency of deformation by replacing it with linear deformations. When the Sun angle is sufficiently small, Eq. (C-3) can be written as 
equivalent Young's modulus is much smaller, which is intuitively appropriate because there are many wrinkles on the sail. This would be an index of how much the sail with wrinkles stretches when the force is applied to it.
Conclusions
In this research, a method to evaluate the parameters of the attitude motion and the deformation of the solar sail is established from the view point of the structure. By considering the natural sail shape in a state of rest and stretched shape caused by the centrifugal force, the parameters were formulized. As a result, it was revealed that the variations of the parameters are proportional to the squares of the spin rate. Furthermore, with the theory derived, the flight data of IKAROS was evaluated through the parameters, and the natural deformation when it is not spinning and its equivalent Young's modulus were estimated.
B. Relation between Shape of Spacecraft and SRP
The force from the SRP on a small surface dA can be expressed as Now to make it easy to calculate the SRP torque, another specific spin-free coordinates is defined in which the Sun is on the first quadrant of xz plane (denoted by hereinafter, Fig. 8 ). In this coordinates, s and r are expressed as follows.
,
